We have developed a new non-gray theory of the evolution, spectra, and colors of extrasolar giant planets (EGPs) and brown dwarfs that reveals their exotic nature and uniqueness. We have discovered that the fluxes of such objects for T eff s from 1300 K to 100 K can be spectacularly higher in the near infrared bands than black body values and that their infrared colors are quite blue. As a consequence, EGPs and brown dwarfs reside in hitherto unoccupied realms of the H-R diagram and may be more easily found with current and planned telescopes than previously imagined.
Introduction
Doppler spectroscopy has now revealed about 20 objects in the giant planet/brown dwarf regime, including companions to τ Boo, 51 Peg, υ And, 55 Cnc, ρ CrB, 70 Vir, 16 Cyg, and 47 UMa Cochran et al. 1997; Mayor & Queloz 1995; Latham et al. 1989) . Furthermore, the brown dwarf, Gl229B, has been discovered Nakajima et al. 1995; Matthews et al. 1996; Geballe et al. 1996) . Gl229B is a milestone because it displays methane spectral features and low surface fluxes that are unique to objects with effective temperatures (in this case, T eff ∼950 K) below the solar-metallicity main sequence edge. In 1995 and 1996, we published a gray theory of the evolution of extrasolar giant planets (EGPs) with masses from 0.3 M J to 15 M J , where M J denotes a Jupiter mass (∼0.001 M ⊙ ) (Burrows et al. 1995; Saumon et al. 1996; Guillot et al. 1996) .
We (Burrows et al. 1997 ) have now developed a non-gray theory that encompasses the EGP/brown dwarf domains from 0.3 M J to 70 M J , in aid of the direct searches for substellar objects, be they "planets" or brown dwarfs, being planned (TOPS and ExNPS reports; Leger et al. 1993) . We have limited themselves to solar-metallicity objects in isolation and ignored the effects of stellar insolation . In this communication, we summarize some of the results of this extensive new study, to which we refer the reader for details.
Modeling Technique
The opacities we employed are from extensions of the HITRAN database (Rothman et al. , 1997 , the GEISA database (Husson et al. 1997) , and theoretical calculations (Tyuterev et al. 1994; Goorvitch 1994; Tipping 1990; Wattson & Rothman 1992 ; L. R. Brown, private communication). For water, we used the new Partridge & Schwenke H 2 O database. Our line list includes 1.9 × 10 6 lines for CH 4 and CH 3 D, 99, 000 lines for CO, 11, 400 lines for NH 3 , 11, 240 lines for PH 3 , and 179, 000 lines for H 2 S. Modeled continuum opacity sources include H − and H − 2 opacity and collision-induced absorption (CIA) of H 2 and helium (Borysow & Frommhold 1990; Zheng & Borysow 1995) . The latter is a direct function of pressure and a major process in EGP/brown dwarf atmospheres.
To calculate atmosphere profiles and spectra, we used the k-coefficient method (Goody et al. 1989; Lacis & Oinas 1991) , widely used in planetary atmosphere modeling (see M. Marley, this volume). This is not the ODF technique (Saxner & Gustafsson 1984) and gives excellent agreement with full line-by-line computations of atmospheric transmission (Grossman & Grant 1992 ,1994a ,1994b .
Chemical equilibrium calculations were performed with the ATLAS code and data from Kurucz (1970) . The Kurucz reaction constants are inaccurate at low temperatures, but the NH 3 → N 2 and CH 4 → CO conversions that occur in EGPs and brown dwarfs do so in regions of T − P space for which the Kurucz reaction constants are accurate. Condensation of NH 3 , H 2 O, Fe, and MgSiO 3 was included using data from various sources, including Eisenberg & Kauzmann (1969) , the Handbook of Chemistry and Physics (1993) , and Lange's Handbook of Chemistry (1979) . Following Fegley & Lodders (1994 , 1996 , we assumed that Al, Ca, Ti and V were removed either by condensation or were dissolved in silicate grains at about the MgSiO 3 condensation temperature. Evolution of the luminosity (in L ⊙ ) of solar-metallicity M dwarfs and substellar objects versus time (in years) after formation. The stars, "brown dwarfs" and "planets" are shown as solid, dashed, and dot-dashed curves, respectively. In this figure, we arbitrarily designate as "brown dwarfs" those objects that burn deuterium, while we designate those that do not as "planets." The masses in M ⊙ label most of the curves, with the lowest three corresponding to the mass of Saturn, half the mass of Jupiter, and the mass of Jupiter.
Evolutionary Models
In Burrows et al. (1995) and Saumon et al. (1996) , we published cooling curves for EGPs and small brown dwarfs that were based upon our then-current atmosphere models. In Burrows et al. (1997) , we have updated the H 2 CIA, H 2 O, and CH 4 opacities and the radiative transfer algorithm, as well as the chemical equilibrium calculations. Consequently, the evolutionary tracks have changed, but generally by no more than 10% in luminosity at any given time, for any given mass. Figure 1 depicts the updated luminosity versus time plots for objects from Saturn's mass (0.3 M J ) to 0.2 M ⊙ . It covers three orders of magnitude in mass and encapsulates the characteristics of the entire family of substellar objects and the transition to stars.
Tables 1-3 summarize the evolution of various structural parameters versus time for EGP masses of 4 M J , 15 M J , and 20 M J .
The early plateaux in Figure 1 between 10 6 years and 10 8 years are due to deuterium burning, where the initial deuterium mass fraction was taken to be Evolution of planet/brown dwarf of mass = 4 Jupiter masses Table 2 . Evolution of planet/brown dwarf of mass = 15 Jupiter masses Table 3 .
Evolution of planet/brown dwarf of mass = 20 Jupiter masses 
. Deuterium burning occurs earlier, is quicker, and is at higher luminosity for the more massive models, but can take as long as 10 8 years for a 15 M J object. The mass below which less than 50% of the "primordial" deuterium is burnt is ∼13 M J (Burrows et al. 1995) . On this figure, we have arbitrarily classed as "planets" those objects that do not burn deuterium and as "brown dwarfs" those that do burn deuterium, but not light hydrogen. While this distinction is physically motivated, we do not advocate abandoning the definition based on origin. Nevertheless, the separation into M dwarfs, "brown dwarfs", and giant "planets" is useful for parsing by eye the information in the figure.
In Figure 1 , the bumps between 10 −4 L ⊙ and 10 −3 L ⊙ and between 10 8 and 10 9 years, seen on the cooling curves of objects from 0.03 M ⊙ to 0.08 M ⊙ , are due to silicate and iron grain formation. These effects, first pointed out by Lunine et al. (1989) , occur for T eff s between 2500 K and 1300 K. Since grain and cloud models are problematic, there still remains much to learn concerning their role and how to model them (see F. Allard, this volume).
Bolometric luminosity and age can be used to yield mass and radius. Effective temperature and mass can provide age and luminosity. Fits to the UKIRT spectrum of Gl229B (Marley et al. 1996; Allard et al. 1996; Tsuji et al. 1996) give T eff ∼900-1000 K and g∼10 5±0.5 cm s −2 . One obtains a mass between 15 M J and 60 M J , with a best value near 35 M J , and an age between 10 8.5 and 10 9.5 years. The wide range in inferred Gl229B parameters is a direct consequence of the weakness of our current constraints on gravity.
Metallicity Dependence
Recently, we have completed a set of evolutionary models that explore the characteristics of the edge of the main sequence as a function of metallicity and atmosphere model (Saumon et al. 1997, in preparation) . As a part of this effort, we generated 10 10 -year isochrones for models with metallicities of solar, Luminosity (in L ⊙ ) versus mass (in solar masses) for a variety of atmosphere models and metallicities, at an age of 10 10 years. We performed all of the evolutionary calculations using our own codes and approaches, but employed the atmosphere models of Allard & Hauschildt (1995) , Alexander (1996) , Burrows et al. (1993) , and Saumon et al. (1994) . Systematically, the luminosity of an M dwarf is higher, and that of a brown dwarf is lower, for lower metallicities. 0.1×solar, 0.01×solar, 0.001×solar, and zero (Saumon et al. 1994) , employing atmosphere models of our own manufacture, as well as those from Alexander (1996) and Allard & Hauschildt (1995) . Figure 2 depicts the nature of the transition from brown dwarfs to M dwarfs for this range of metallicities.
We display these numerical data to caution the reader that the metallicity dependence is systematic and non-trivial. Figure 2 demonstrates clearly that the mass/luminosity slope at the boundary is a strong function of log 10 Z. In particular, the metallicity dependence will be a factor in the proper conversion of luminosity functions into mass functions for objects in the field, in open clusters, and in globular clusters.
EGP and Brown Dwarf Spectra
There are a few major aspects of EGP/brown dwarf atmospheres that bear listing and that uniquely characterize them. Below T eff s of 1200 K, the dominant equilibrium carbon molecule is CH 4 , not CO, and below 600 K the dominant nitrogen molecule is NH 3 , not N 2 . The major opacity sources are H 2 , H 2 O, CH 4 , and NH 3 . For T eff s below ∼400 K, water clouds form at or above the photosphere and for T eff s below 200 K, ammonia clouds form (viz., Jupiter). Collision-induced absorption of H 2 partially suppresses emissions longward of ∼10 µm. The holes in the opacity spectrum of H 2 O that define the classic telluric IR bands also regulate much of the emission from EGP/brown dwarfs in the near infrared. Importantly, the windows in H 2 O and the suppression by H 2 conspire to force flux to the blue for a given T eff . The upshot is an exotic spectrum enhanced relative to the black body value in the J and H bands (∼1.2 µm and ∼1.6 µm, respectively) by as much as two to ten orders of magnitude, depending upon T eff . In addition, as T eff decreases below ∼1000 K, the flux in the M band (∼5 µm) is progressively enhanced relative to the black body value. While at 1000 K there is no enhancement, at 200 K it is near 10 5 . Hence, the J, H, and M bands are the premier bands in which to search for cold substellar objects. Eventhough K band (∼2.2 µm) fluxes are generally higher than black body values, H 2 and CH 4 absorption features in the K band decrease its importance relative to J and H. As a consequence of the increase of atmospheric pressure with decreasing T eff , the anomalously blue J − K and H − K colors get bluer, not redder.
Note that the presence or absence of clouds strongly affects the reflection albedos of EGPs and brown dwarfs. In particular, when there are clouds at or above the photosphere, the albedo in the optical is high. Conversely, when clouds are absent, the albedo in the mostly absorbing atmosphere is low. Recall, however, that in Burrows et al. (1997) we ignored reflection effects. Figure 3 depicts the object's surface flux versus wavelength for representative T eff s from 130 K to 1000 K at a gravity of 3.0 × 10 4 cm s −2 .
The corresponding masses range from ∼13 M J to ∼16 M J and the corresponding ages range from 0.25 Gyrs to 7 Gyrs. Superposed on Figure 3 are the positions of various prominent molecular bands and the J, H, K, and M bands. As is clear from the figure, H 2 O defines much of the spectrum, but CH 4 and H 2 modify it in useful ways. CH 4 absorption features near 1.65 µm, 2.2 µm, and 3.3 µm are particularly relevant, the latter two decreasing the K and L ′ (∼3.5 µm) band fluxes, respectively. NH 3 near 6 µm becomes important below 250 K and the CH 4 feature around 7.8 µm deepens with decreasing T eff . However, it should be noted that in Jupiter the 7.8 µm absorption feature is inverted into a stratospheric emission feature. Since a stratosphere requires UV flux from the primary or another energy deposition mechanism, our models do not address this possibility. In addition, we find that H 2 O and NH 3 features near 6 µm make the band from 5.5 to 7 µm less useful for searching for brown dwarfs and EGPs. Figure 4 depicts spectra between 1 µm and 40 µm at a detector 10 parsecs away from objects with age 1 Gyr and masses from 1 M J through 40 M J . Superposed are the corresponding black body curves and the putative sensitivities for the three NICMOS cameras (Thompson 1992) , ISO (Benvenuti et al. 1994) , SIRTF (Erickson & Werner 1992) , and Gemini/SOFIA (Mountain et al. 1992; Erickson 1992) . Figure 4 demonstrates how unlike a black body an EGP spectrum is. Note on Figure 4 the H 2 -induced suppression at long wavelengths and the enhancement at shorter wavelengths. For example, the enhancement at 5 µm for a 1 Gyr old, 1 M J extrasolar planet is by four o rders of magnitude. The flux (in µJanskys) at 10 parsecs versus wavelength (in microns) from 1 µm to 40 µm for 1, 5, 10, 20, 30, and 40 M J models at 1 Gyr. Superposed for comparison are the corresponding black body curves (dashed) and the putative sensitivities of the three NICMOS cameras, ISO, Gemini/SOFIA, and SIRTF. NICMOS is denote with large black dots, ISO with thin, dark lines, Gemini/SOFIA with thin, light lines, and SIRTF with thicker, dark lines. At all wavelengths, SIRTF's projected sensitivity is greater than ISO's. SOFIA's sensitivity overlaps with that of ISO around 10 µm. For other wavelength intervals, the order of sensitivity is SIRTF > Gemini/SOFIA > ISO, where > means "is more sensitive than." Note the suppression relative to the black body values at the longer wavelengths. Comparison with the sensitivities reveals that the range for detection by SIRTF at 5 µm of a 1 Gyr old, 1 M J object in isolation is near 100 parsecs. The range for NICMOS in H for a 1 Gyr old, 5 M J object is approximately 300 parsecs, while for a coeval 40 M J object it is near 1000 parsecs. These are dramatic numbers that serve to illustrate both the promise of the new detectors and the enhancements we theoretically predict.
Figures 5-7 portray the evolution from 0.1 Gyr to 5 Gyr of the spectra from 1 µm to 10 µm of objects with masses of 1, 5, and 25 M J . The higher curves are for the younger ages. These cooling curves summarize EGP/brown dwarf spectra and their evolution. Figure 7 suggests that SIRTF will be able to see at 5 µm a 5 Gyr old, 25 M J object in isolation out to ∼500 parsecs and that NICMOS will be able to see at J or H a 0.1 Gyr old object with the same mass out to ∼3000 parsecs. Note that the J and H flux enhancements over black body values for the 1 M J model after 0.1 Gyr are at least ten orders of magnitude. However, it must be remembered that these models do not include a reflected light component from a primary. The flux (in µJanskys) at 10 parsecs versus wavelength (in microns) from 1 µm to 10 µm for a 25 M J object at ages of 0.1, 0.5, 1.0, and 5.0 Gyr. Superposed are the positions of the J, H, K, and M bands, as well as the estimated sensitivities of the three NICMOS cameras, ISO, Gemini/SOFIA, SIRTF, and NGST. Absolute J vs. J − K color-magnitude diagram. Theoretical isochrones are shown for t = 0.5, 1, and 5 Gyr, along with their black body counterparts. The difference between black body colors and model colors is striking. The brown dwarf, Gliese 229B , the young brown dwarf candidates Calar 3 and Teide 1 (Zapatero-Osorio, Rebolo, & Martin 1997) , and late M dwarfs LHS 2924 and GD165B (Kirkpatrick, Henry, & Simons 1994 ) are plotted for comparison. The lower main sequence is defined by a selection of M-dwarf stars from Leggett (1992).
Infrared Colors
To calculate IR colors, we employed the transmission curves of Bessell & Brett (1988) and Bessell (1990) to define the photometric bandpasses and the model of Vega by Dreiling & Bell (1980) for the calibration of the magnitude scale. Figure  8 is a representative color-magnitude diagram for objects with masses from 3 M J to 40 M J , for ages of 0.5, 1.0, and 5.0 Gyr. Figure 9 is a color-color diagram for the same models. Tables 4 & 5 depict the infrared magnitudes and colors for various combinations of mass and age. As Table 4 and Figure 8 suggest, the brightnesses in the near IR are quite respectable.
For comparison, included in these figures are the corresponding black body curves, hot, young brown dwarf or extremely late M dwarf candidates such as LHS2924, GD 165B, Calar 3, and Teide 1 (Kirkpatrick, Henry, & Simons 1994 Zapatero-Osorio, Rebolo, & Martin 1997) , and a sample of M dwarfs from Leggett (1992) . These figures collectively illustrate the unique color realms occupied by extrasolar giant planets and brown dwarfs. Figure 8 portrays the fact that the J versus J − K infrared H-R diagram loops back to the blue below the edge of the main sequence and is not a continuation of the M dwarf sequence into the red. For J versus J − K, the difference between the black body curves and the model curves is between 3 and 10 magnitudes. Gl229B fits nicely on these theoretical isochrones. The suppression of K by H 2 and CH 4 features is largely responsible for this anomalous blueward trend with decreasing mass and T eff . The fit to Gl229B in H is not as good. This is also true of the fit to L ′ . Since both H and L ′ have significant CH 4 features in them, we surmise that incompleteness or errors in the CH 4 opacity database is the cause. J − H actually reddens with decreasing T eff , but only marginally and is still 1.5 to 4 magnitudes bluer than the corresponding black body. That the J − H and H − K colors of EGPs and brown dwarfs are many magnitudes blueward of black bodies is a firm result. Table 4 .
Absolute Magnitudes of Synthetic BD/EGPs, Bessel & Brett (1988) and Bessel (1990) to define the photometric bandpass and the model of Vega by Dreiling & Bell (1980) for the calibration of the magnitude scale.
Conclusions and Future Work
Soon, planet and brown dwarf searches will be conducted by NICMOS, SIRTF, Gemini/SOFIA, ISO, NGST, LBT (Angel 1994), the MMT (Angel 1994), the VLT, Keck I & II, COROT (transits), DENIS, 2MASS, UKIRT, and IRTF, among other platforms. For close companions, advances in adaptive optics, interferometry, and coronagraphs will be necessary. The models we have generated of the colors and spectra of EGPs and brown dwarfs are in aid of this quest. We have created a general non-gray theory of objects from 0.3 M J to 70 M J below ∼1300 K, but the opacity of CH 4 and a proper treatment of silicate/iron, H 2 O, and NH 3 clouds are future challenges that must be met before the theory is complete. Since the near IR signature of nearby substellar companions will be significantly altered by a reflected component, a theory of albedos in the optical and in the near IR must be developed. In particular, it will be useful in the future to predict the signatures of specific systems with known orbital characteristics, primaries, and ages, such as τ Boo, 51 Peg, υ And, 55 Cnc, ρ CrB, 70 Vir, 16 Cyg, and 47 UMa. It is rare that Nature conspires to make the objects of astronomical study easier to detect than simple estimates first imply. However, our calculations indicate that, whether they exist in profusion, or are merely a minority constituent of the solar neighborhood, EGPs and brown dwarfs might be detected and characterized with a bit more ease than originally feared.
